ABSTRACT Three experiments were conducted to evaluate 3 increased-protein, reduced-fiber canola meals (CM) (CMA, CMB, and Test CM), 2 conventional CM (CCM), and 2 soybean meals (SBM). For determination of P bioavailability in CM and SBM, a P-deficient cornstarch-dextrose-SBM basal diet was fed as Diet 1. The latter basal diet was then supplemented with 0.05 and 0.10% P from KH 2 PO 4 or 12.5 and 25% of a CM or SBM. In addition, the effect of phytase enzyme on bioavailability of the P in CMA, Test CM, and one of the CCM was determined using P-deficient 45% CMcornstarch-dextrose diets (0.11 to 0.15% non-phytate P), with a CM as the only source of dietary P. Additional diets contained 0.05 and 0.10% added P from KH 2 PO 4 or 125 to 500 units phytase added per kg of diet. Crossbred chicks (New Hampshire X Columbian) were fed the experimental diets from 8 to 21 d post hatch in all experiments, and bioavailability of P was estimated using the slope ratio method in which tibia ash was regressed on supplemental P intake. A linear increase in tibia ash was observed as the P level increased by the addition of KH 2 PO 4 , CMA, CMB, or SBM. Based on the mean values of tibia ash in mg/tibia and tibia ash %, the mean bioavailabilities of P in the 3 increased-protein, reduced-fiber CM, 3 CCM, and 2 SBM relative to KH 2 PO 4 were 18, 15, and 39%, respectively. A linear increase in weight gain and tibia ash was observed with addition of KH 2 PO 4 or phytase to the P-deficient CM diets. It was estimated that 125 or 250 units/kg microbial phytase resulted in approximately 0.05 and 0.10% P being released from CM, respectively. In conclusion, the bioavailablity of the P in the new increased-protein, reduced-fiber CM was similar to that of CCM. Furthermore, phytase substantially and similarly increased the bioavailability of P in both types of CM.
INTRODUCTION
Canola meal (CM) inclusion in poultry diets has traditionally been limited. High levels of anti-nutritional factors such as fiber and glucosinolates, which reduce the nutritional value of the meal for poultry, are the major reasons for the limited usage. Fiber reduces the digestibility of some minerals and decreases the energy content of feed ingredients (Nwokolo and Bragg, 1977; Bell, 1993) . Glucosinolates in poultry diets have been shown to cause increased mortality, perosis, reduced growth and feed intake, and thyroid gland enlargement (Fenwick and Curtis, 1980; Khajali and Slominski, 2012) . As a result, plant breeders have been working towards developing higher-protein and reduced-fiber canola seeds. Chen et al. (2015) evaluated the TME n and AA digestibility for 14 increased-protein, reducedfiber CM samples compared with conventional canola meal (CCM) and dehulled soybean meal (SBM) in 5 precision-fed rooster assays. The increased-protein, reduced-fiber CM had a higher concentration of digestible AA and TMEn than the CCM. The researchers concluded that the new increased-protein, reducedfiber CM are nutritionally superior to CCM (Chen et al., 2015) . Recently, another new increased-protein, reduced-fiber canola seed variety has been developed for large-scale production by DOW Agrosciences LLC (Indianapolis, IN) . This new variety of canola was developed using conventional plant breeding. The solventextracted CM produced from the new canola is being marketed under the trade name Propound TM . Little research has been done to determine the P bioavailability in CCM for poultry, and no research has been conducted to evaluate P bioavailability for the new increased-protein, reduced-fiber CM. Approximately two-thirds of the total P in most plant products is bound to phytate, which makes it mostly unavailable to chickens. Because chickens have little endogenous phytase to degrade phytate, exogenous phytase may be added to diets to increase availability of P as well as other minerals (Nelson et al., 1971; Simons et al., 1990 ). More research is needed to evaluate P bioavailability for CCM and increased-protein, 188 reduced-fiber CM for poultry. Research is also needed to determine the effect of microbial phytase on P bioavailability in the new increased-protein, reduced-fiber CM. Therefore, the first objective of this study was to evaluate P bioavailability for 3 samples of new increasedprotein, reduced-fiber CM compared to CCM and SBM. The second objective was to determine the effect of microbial phytase on P bioavailability in CM for broiler chickens.
MATERIALS AND METHODS
The protocol for these experiments was reviewed and approved by the Institutional Animal Care and Use Committee.
Ingredients and Nutrient Analysis
Three samples of increased-protein, reduced-fiber CM (CMA, CMB, and Test CM), 2 samples of CCM, and 2 samples of dehulled SBM were obtained. The samples of increased-protein, reduced-fiber CM were obtained from DOW Agrosciences LLC., Indianapolis, IN. The CMA and CMB were processed at POS BioSciences, Saskatoon, Canada, and the Test CMN, CCM, and SBM were processed in a commercial industrial plant. All samples were processed by solvent extraction. The Test CM sample is the new CM being marketed under the trade name Propound TM by Dow Agrosciences. All CM and SBM samples were prepared in solventextraction plants. Ingredients were analyzed for GE using bomb calorimetry (Model 6300; Parr Instruments, Moline, IL), and for CP by combustion (Method 990.03; AOAC International, 2007) using a Rapid N Cube (Elementar Americas Inc, Mt. Laurel, NJ) with Asp as the standard. Ingredients also were analyzed for acid detergent fiber (ADF) (Method 973.18, AOAC International, 2007) and neutral detergent fiber (NDF) (Holst, 1973) . Ingredient samples were analyzed for DM by forced-air oven drying for 2 h at 135
• C (Method 930.15; AOAC International, 2007) and for Ca and P using inductively coupled plasma spectroscopy (Method 985.01 A, B, and C; AOAC International, 2007) after wet ashing (Method 975.03 B[b] ; AOAC International, 2007) . Ingredients also were analyzed for phytate concentration (Ellis et al., 1977) .
Diets and Experimental Design
Three experiments were conducted. In Experiment 1, the CMA and CMB produced from new varieties of high-protein canola seeds, a CCM, and a control SBM were evaluated. For determination of P bioavailability in the CM and SBM, a P-deficient cornstarch-dextrose-SBM basal diet was fed as Diet 1 (Table 1) . Diets 2 and 3 had 0.05 or 0.10% P added from KH 2 PO 4 , respectively. Diets 4 to 11 contained 12.5 or 25% added CM from CMA, CMB, CCM, or SBM added to the In Experiment 2, the Test CM, a CCM, and a control SBM were evaluated for P bioavailability. A P-deficient cornstarch-dextrose-SBM diet was fed as Diet 1(Table 1). Diets 2 and 3 had 0.05 or 0.10% added P from KH 2 PO 4 , respectively. Diets 4 to 9 had 12.5 or 25% added Test CM, CCM, or SBM, respectively, added in place of cornstarch and dextrose. A total of 225 New Hampshire x Columbian female chicks was fed a nutritionally complete corn-and SBM-based starter diet for 7 days. On d 7, chicks were fasted overnight prior to being placed on experiment. On d 8, chicks were weighed, wing banded, and allotted to the 9 dietary treatments via a completely randomized design so that mean body weight was similar across treatments. There were 5 chicks per pen and 5 replicate pens per each of the 9 dietary treatments. The experimental diets were fed from 8 to 21 d of age.
In Experiment 3, one Test CM and one CCM were evaluated to determine the amount of P released by phytase from the CM. Diet 1 was a P-deficient Test CM-cornstarch-dextrose basal diet in which the only source of dietary P was the 45% Test CM (Table 1) . Diets 2, 3, and 4 were as Diet 1 with the exception that 0.05, 0.10 or 0.15% P was added from KH2PO4, respectively. Diets 5 and 6 were similar to Diet 1 but with 125 or 250 FTU/kg of phytase being added, respectively. Diet 7 was a P-deficient CCM-cornstarchdextrose basal diet, in which 45% CCM was the only dietary source of P (Table 1) . Diets 8, 9, and 10 were similar to Diet 7 except that 0.05, 0.10, or 0.15% P was added from KH 2 PO 4 , respectively. Diets 11 and 12 were similar to Diet 7 but with 125 or 250 FTU/kg of phytase added, respectively. A total of 300 New Hampshire x Columbian male chicks was used in this experiment, and the chicks were fed a nutritionally complete corn-and SBM-based starter diet for 7 days. On d 7, the chicks were fasted overnight, and on d 8, chicks were weighed, wing banded, and allotted to the 12 dietary treatments via a completely randomized design so that mean body weight was similar across treatments. There were 5 chicks per pen and 5 replicate pens per each of the 12 dietary treatments, and the experimental diets were fed from 8 to 21 d of age.
At the conclusion of the 3 experiments, data were summarized by calculating weight gain, feed intake, and gain:feed ratio. Chicks were euthanized via CO 2 asphyxiation, and right tibia bones were collected and pooled within pen. Bones were autoclaved, and cheesecloth was used to aid in removal of adhering tissue. Bones were dried for 24 h at 100
• C, weighed, and then dry-ashed in a muffle furnace for 24 h at 600
• C. Ash weight was expressed as a percentage of dry bone weight and as milligrams per tibia (Chung and Baker, 1990 ). 
Statistical Analysis
Data for growth performance and bone ash for all 3 experiments were initially analyzed using PROC ANOVA of SAS (SAS Institute Inc., 2011) with pen as the experimental unit. Differences among treatment means were assessed using the least significant difference test. Data for the first 11 dietary treatments in Experiment 1 and the 9 dietary treatments in Experiment 2 were analyzed by multiple linear regression using the GLM procedure of SAS (SAS Institute Inc., 2011) by regressing tibia ash (mg/tibia) and tibia ash percent on supplemental P intake (g/chick) from the KH 2 PO 4 or the CM or SBM samples. Bioavailability of P in the different sources of CM or SBM relative to KH 2 PO 4 was then estimated using the slope-ratio method (Finney, 1978) . For Dietary treatments 12 to 14 in Experiment 1, a standard curve was developed using simple linear regression by regressing tibia ash (mg/tibia) and tibia ash percent on supplemental P intake (g/chick) from KH 2 PO 4 . The tibia ash values (mg/tibia and percent) for the 2 supplemental phytase treatments (Dietary treatments 15 and 16) were then substituted into the respective regression equations for Y. Solving for X gave an estimate of the amount of P released from the CMA by the phytase enzyme. In Experiment 3, data for the Test CM diets (1 to 6) and CCM diets (7 to 12) were analyzed using multiple regression by regressing tibia ash (mg/tibia) and tibia ash percent on supplemental P (% of diet) from KH 2 PO 4 or supplemental phytase (FTU/kg diet). The ratio of the slopes was then used to calculate how much P was released per FTU/kg of phytase for the Test CM and the CCM. These values were then multiplied by the number of units (FTU) of phytase added per kg of diet (125 or 250) to estimate the total amount of P released by the respective supplemental phytase level for each CM.
RESULTS AND DISCUSSION

Nutrient Composition
Nutrient compositions of the sources of CM and SBM that were used in these experiments are presented in Tables 2 and 3 . As expected, the CP contents of CMA, CMB, and Test CM were higher than that in CCM and lower (in most cases) than that in SBM. The concentration of CP in most of the CM was lower than that in the 2 SBM. The GE content of the 3 increased-protein, reduced-fiber CM was generally higher than for the CCM and SBM. The concentrations of NDF and ADF were lower in the 3 increased-protein, reduced-fiber CM than in the CCM, but all CM samples were higher in NDF and ADF than in the SBM. The total P concentration did not vary greatly among the different CM (1.16 to 1.26%), and the values were in general agreement with the NRC (1994; 2012) table values. All CM contained more total P than the SBM. The Ca concentration of the CM was also higher than that of the SBM.
Phosphorus Bioavailability in CM and SBM
In Experiment 1, for dietary treatments 1 to 12, feed intake increased only with the highest inclusions of KH 2 PO 4 or CM (P < 0.05; Table 4 ). There were no consistent effects of dietary treatment on feed efficiency. Weight gain was increased (P < 0.05) by KH 2 PO 4 , CM, or SBM when they were added to Diet 1. A linear increase in tibia ash (mg/tibia and %) was observed as the dietary P level was increased by the addition of KH 2 PO 4 . This observation agrees with a previous research study by Kim et al. (2008) who used the same methodology as that of the current study. There was also a linear increase in tibia ash (mg/tibia and %) as the dietary P level was increased by addition of CMA, CMB, or SBM. Multiple regressions of tibia ash (mg/tibia and %) on supplemental P intake were highly significant (R 2 values were 0.80 and 0.84, respectively; P < 0.001). Total P content and estimated P bioavailability values (relative to KH 2 PO 4 ) are shown in Table 5 . The bioavailability values did not differ significantly among the 3 CM, but all of the values were significantly lower than the bioavailability value for SBM. However, when the respective bioavailability values were multiplied by the total P content for each ingredient, the differences in the concentration of bioavailable P between the CM and SBM were not as 3 Multiple regression of tibia ash (Y; %) on supplemental P intake (g) from KH 2 PO 4 (X 1 ), CMA (X 2 ), CMB (X 3 ), CCM (X 4 ), and SBM (X 5 ) yielded the equation: Y = 29.89 + 18.5 ± 1.40X 1 + 2.8 ± 0.46X 2 + 3.7 ± .51X 3 + 2.4 ± 0.52X 4 + 7.7 ± 1.0X 5 (R 2 = 0.84). The (±) values are standard errors of the regression coefficients.
4 P-deficient dextrose-cornstarch-SBM control diet in Table 1 . 5 From KH 2 PO 4 . 6 CMA = canola meal A, CMB = canola meal B, CCM = conventional canola meal, SBM = soybean meal. 7 P-deficient 45% CMA diet for Experiment 1 in Table 1 . 8 Optiphos R , Huvepharma, Sofia, Bulgaria. The 250 and 500 FTU/kg of phytase were provided by adding 0.013 and 0.026% of phytase premix, respectively, in place of cornstarch. Values within a column with no common superscript are significantly different (P < 0.05) as determined using the regression coefficients and standard errors in the multiple regression equations in footnotes 2 and 3 of Table 4. 1 Calculated by the slope-ratio method using the multiple regression equations in footnotes 2 and 3 of Table 4 . These are bioavailability values relative to the P in KH 2 PO 4 , which was set at 100%.
2 Bioavailable content = total P × bioavailability value. 3 Multiple regression of tibia ash (Y; %) on supplemental P intake (g) from KH 2 PO 4 (X 1 ), Test CM (X 2 ), CCM (X 3 ), and SBM (X 4 ) yielded the equation: Y = 31.93 + 18.5 ± 1.68X 1 + 4.7 ± 0.59X 2 + 4.0 ± 0.56X 3 + 8.3 ± 1.15X 4 (R 2 = 0.77). The (±) values are standard errors of the regression coefficients. 4 P-deficient dextrose-cornstarch-SBM control diet in Table 1 . 5 From KH 2 PO 4 . 6 Test CM = test canola meal, CCM = conventional canola meal, SBM = soybean meal. Values within a column with no common superscript are significantly different (P < 0.05) as determined using the regression coefficients and standard errors in the multiple regression equations in footnotes 2 and 3 of Table 6. 1 Calculated by the slope-ratio method using the multiple regression equations in footnotes 2 and 3 of Table 6 . These are bioavailability values relative to the P in KH 2 PO 4 , which was set at 100%. 2 Bioavailable content = total P × bioavailability value.
large as those observed for the bioavailability values. The latter was due to the lower total P content of SBM compared with the CM. In Experiment 2, weight gain was increased with inclusions of KH 2 PO 4 , Test CM, CCM, or SBM to Diet 1 (Table 6 ). No consistent difference in feed intake or gain-to-feed ratio among treatments was observed. A linear increase in tibia ash (mg/tibia and %) was observed as P increased with addition of KH 2 PO 4 , Test CM, or SBM. The multiple regression of tibia ash (mg/tibia and %) on supplemental P intake was highly significant (R 2 values of 0.84 and 0.77 respectively; P < 0.001). The estimated P bioavailability values relative to KH 2 PO 4 and the calculated bioavailable P concentrations in the Test CM, CCM, and SBM are shown in Table 7 . The bioavailability values for the Test CM and for the CCM did not differ significantly from each other, but both were significantly lower than the SBM. When the bioavailability values were multiplied by the total P content, the amount of bioavailable P in the Test CM was numerically higher than that of the CCM. Due to the higher total P content of the CM compared with the SBM, the bioavailable P content of the CM was similar to that of the SBM. even though the P bioavailability values were lower for the CM than the SBM.
Approximate values for the bioavailability of P in CM can be calculated by dividing the non-phytate P content by the total P content (analytical values provided). The expected bioavailability of P in CM based on these calculations from the NRC (1994) and NRC (2012) are 26 and 40%, respectively. Similar calculations for the CM evaluated in the current study yielded values of 20 to 33%. In agreement with the latter NRC publications, Leske and Coon (1999) reported that CM contained 1.27% total P and 0.82% phytate P, suggesting that approximately 35% of the total P was bioavailable. Similarly, Slominski et al. (2012) reported that approximately 35% of the total P in reduced-fiber, yellowseeded CM was non-phytate P. In contrast, Tahir et al. (2012) reported that the non-phytate P as a proportion of the total P in CM samples collected from poultry producers in the United States and Canada was 48.52%, suggesting that almost 50% of the P in CM is bioavailable. The P bioavailability values for the 5 CM evaluated herein relative to KH 2 PO 4 were generally lower than the calculated values from the above publications. It is likely that the reason that the values determined in the current study were lower than values calculated from the non-phytate P is that we determined relative bioavailability values based on an animal bioassay rather than on simple calculations of non-phytate P relative to total P. Nonetheless, it is important to note that the bioavailability values of P in the new increasedprotein, reduced-fiber CM were statistically equal to or numerically greater than the bioavailability of the P in CCM.
In addition to the above estimations of P bioavailability based on total and non-phytate P levels, there have been few in vivo studies on P retention and/or digestibility in CM or rapeseed meal. Leske and Coon (1999) reported that P retention from CM was 39.4% in a 5-day bioassay with 22-day-old male broilers. In agreement with those results, Rutherford et al. (2002) reported that apparent and true ileal P digestibility values for rapeseed meal were 37 and 43%, respectively, for 35-day-old broiler chickens. Similarly, a true ileal P digestibility value of 43% was reported for rapeseed meal by Combemorel et al. (2015) for 26-day-old broiler chickens. In addition, Mutucumarana et al. (2014) reported that true ileal P digestibility and true P retention for CM were 46.9 and 48.6%, respectively, when using a linear regression method with broiler chickens. Thus, results of those 4 previous studies indicated that the digestibility or retainability of P in CM and/or rapeseed meal is approximately 40%. This value is somewhat higher than most of the relative P bioavailability values determined in the current study. The differences in results among poultry studies may be associated with methodology. The 3 earlier studies were conducted using balance assays with commercial broiler chickens, whereas the current study was conducted using a growth tibia ash assay with crossbred chickens. Additional studies with pigs have indicated great variability in digestibility of P in CM and rapeseed meal when using balance assays, with values of 16.1 to 21.6% (Fan and Sauer, 2002) , 26 to 33% (Akinmusire and Adelola, 2009) , and 56.4 to 65.4% (Su et al., 2015) being reported.
Effect of Phytase on Bioavailability of P in CM
A significant increase in weight gain and tibia ash was observed with addition of KH 2 PO 4 or phytase to the P-deficient diet containing 45% CMA as the only source of dietary P (Table 4) . Simple linear regressions of tibia ash (mg/tibia and %) on supplemental P intake from KH 2 PO 4 were highly significant (R 2 values were 0.94 and 0.88, respectively; P < 0.001). Unexpectedly, weight gain and tibia ash responses to phytase addition exceeded the response to KH 2 PO 4 ; thus, estimates of P release by phytase could not be obtained. The only conclusion that could be made from observations for these data, and using the standard curve methodology described in the statistical analysis section, was that the 250 and the 500 FTU/kg of phytase released in excess of 0.10% P from the CMA.
In Experiment 3, the supplemental phytase levels were reduced from 250 and 500 FTU/kg to 125 and 250 FTU/kg, respectively, in an attempt to yield tibia ash values within the KH 2 PO 4 reference curve. A linear increase in weight gain and tibia ash was observed with each increasing level of KH 2 PO 4 or phytase to the Test CM or CCM diets containing one of the CM as the only source of dietary P (Table 8 ). There were several significant differences in bone ash (P < 0.05) between Test CM diet treatments (1to 6) and CCM diet treatments (7 to 12) containing the same respective levels of added P from KH 2 PO 4 or phytase. Multiple regressions of tibia ash (mg/tibia and %) on supplemental P intake from KH 2 PO 4 and phytase in the Test CM and CCM were highly significant (R 2 values were 0.91 and 0.93, 0.90 and 0.92, respectively; P < .001). The amount of P released by phytase for Test CM and CCM was estimated using a 2-step procedure. First, the slope ratio method was used to determine the amount of P released from the Test CM and CCM by each unit of phytase enzyme. Secondly, the values were then multiplied by the 125 and 250 FTU/kg levels of added phytase. Using this method, it was calculated that if tibia ash in mg was used as the response criterion, then 0.050 and 0.100% P were released, but if tibia ash was determined as percent of bone weight, 0.053 and 0.105% P were released by 125 and 250 FTU/kg, respectively, in the Test CM (Table 9 ). In the CCM, 0.041 and 0.082% P were released based on tibia ash (mg/tibia), and 0.045 and 0.090% P were released based on tibia ash (%) by 125 and 250 FTU/kg, respectively (Table 9) . 1 Calculated by the slope-ratio method using the multiple regression equations in footnotes 2 and 3 of Table 8 . For example, for bone ash in mg/tibia for the Test canola meal (Diets 1 to 6), the ratio of the slopes (.546/1375) was .000397 (Table 8 ), indicating that .000397% P was released by each FTU/kg of phytase. Multiplying .000397 by 125 and 250 FTU/kg of phytase yielded estimates of .050 and .100% P release, respectively.
The results of Experiments 1 and 3 indicate that the bioavailability of P in Test CM and CCM is increased markedly by microbial phytase. The phytase enzyme was estimated to release 0.08 to 0.10% P from CM at the 250 FTU/kg level. The results of Experiment 1 further indicated that 500 FTU/kg phytase released in excess of 0.10% P. These results also indicated that the effect of phytase on the Test CM was equal to or greater than the effect on CCM. The observed significant difference (P < 0.05) in bone ash between several Test CM and CCM dietary treatments containing the same level of supplemental P from KH 2 PO 4 or phytase in Experiment 3 (Table 8) suggests that the Test CM contained a slightly greater concentration of bioavailable P than CCM. Results of previous studies with chickens and pigs also have shown that phytase increases P bioavailability in CM or rapeseed meal. Leske and Coon (1999) reported that phytase increased P retention in CM from 39.4 to 45.7% in broiler chickens. An increase in apparent and true ileal P digestibility of 7 percentage units was observed for rapeseed meal by phytase addition to diets of broiler chickens (Rutherford et al., 2002) . Two studies with pigs also demonstrated large increases in P digestibility for CM with addition of phytase (Akinmusire and Adeola, 2009; Su et al., 2015) .
In conclusion, the total P content and bioavailability for the new increased-protein, reduced-fiber CM did not differ significantly from those for the CCM. Furthermore, microbial phytase greatly increased the bioavailability of the P in both types of CM.
